) was found to be lower than in India and Bangladesh whereas wheat intake 63 (402 g day −1
 An integrated cancer risk assessment that includes most of the intake sources should be 
Introduction 85 86
Diet has been suggested to be the key causal factor for approximately 30% of cancers in 87 industrialized countries (Doll and Peto, 1996) Dietary intake data must consider all potential dietary sources. However in the case of 121 chemical risk assessment, some sources, particularly the contributions of indirect water 122 intake and food, are often not adequately taken into consideration for consumption and 123 associated risk assessment. Direct water is defined as tap water consumed directly as 124 plain drinking water, whereas, indirect water is defined as water added to foods and 125 beverages (e.g. tea, coffee, bottled water etc.) during final preparation at home or by 126 food service establishments. Total water refers to combined direct and indirect water 127 consumption (Bennet et al., 2000) . 128
This study sought to gather food and water intake data from rural villages in Pakistan to 129 examine the influence of regional rather than generic intake estimates on human health 130 risk assessments, specifically for cancer risk. It focuses on the need to evaluate all key 131 ingestion pathways including indirect water consumption, food intake and the role of 132 socio-demographic factors such as sex, age and occupation on consumption patterns. A 133 case study is provided based on arsenic exposure through ingestion of arsenic-134 contaminated water and food. 135
Materials and Methods 136

Dietary Intake methodology 137
Six villages in four districts (Kasur, Sahiwal, Bahawalpur and Rahim Yar Khan) 
of 138
Pakistan were identified as study sites as they have at least one groundwater source with 139 levels of arsenic in excess of 50 g L 
151
The study was conducted in accordance with national and international guidelines for the 152 protection of human subjects and the research protocol was approved by the National 153
Bioethics Committee of Pakistan and University of Leeds Research Ethics Committee. 154
Study participants were recruited during June-September 2014 by a field team fluent in 155
English and the relevant local languages. Each participant completed a questionnaire with 156 three sections: demographic features (age, sex, body weight, occupation, number of family 157 members), 24-hour food intake diary and 24-hour water intake diary, and each household 158 was supplied with appropriate kitchen utensils (glass: 200-250 ml, cups: 100-200 ml, 159
plates: 150-400 g, and bowl: 100-300 g) with capacity measured and recorded by the 160 field teams. The intake diaries used a semi-quantitative Food Frequency Questionnaire 161 (FFQ) based on the 24 hour recall method (EFSA, 2010) . 162
Water intake was calculated based on direct water sources (plain drinking water only) and 163 indirect (water consumed in tea, lassi, and staple food such as rice, wheat and pulses) 164 Database were used to calculate indirect water intake (Agricultural Research Service, 167 2014) and were then combined with direct water intake estimates to make the total water 168 intake. Equations 1-10 (Supplementary Information: Table S-1) show how the diary 169 information was used to determine daily intakes across the sample population. 170 171
Risk assessment methodology 172
Water and food intake rates where used to calculate carcinogenic risk of arsenic 173 exposure using the United States Environmental Protection Agency (USEPA) human 174 health risk assessment model (Table 1) . Risk calculations pertain to the villages and 175 settings from which the primary water and food intake data were obtained. Mutagenic 176 chemicals sometimes cause cancer by a mutagenic mode of action (MOA) which 177 theoretically can lead to a 10 fold greater potency in the first 2 years of life and a 3 fold 178 greater potency between ages 3 and 16 years of age (USEPA, 2005) . This may pose a 179 higher risk of cancer when exposure occurs during early life. In such cases, age-180 dependent adjustment factors (ADAFs) are used to assess the additional risk. Applying 181
ADAFs, three main age groups (i.e. 3-6 years, 6-16 years, and >16 years) were used to 182 quantify less than life time and life time cumulative cancer risks (USEPA, 2011b). 183 184 specific to the population in question (Table 2) , and a probabilistic approach using the 191 intake values from this study population. For this later risk assessment approach, a 192
Monte Carlo simulation of 10,000 iterations was carried out. In this case, the input 193 parameters defined as probability distributions are given in Table 2, and output 
Statistical analysis 215
The results of the household surveys and cancer risks were analysed using Microsoft 216
Excel and SPSS 17.0 (IBM, New York, NY, USA) for descriptive statistics, two way 217 analysis of variance (ANOVA), Pearson partial correlation analysis and independent 218 samples t-test to identify inter-relationships within the parameters. 219
Results and Discussion 220
Estimation of total water intake 221
The 398 study participants included 249 men and 149 women; 66 participants <16 years 222 of age (children) and 332 participants ≥16 years (adults); 67 persons < 35 kg body 223 weight (mean body weight at 16 years of age) and 331 were ≥ 35 kg. (Detailed 224 demographic features are given in Table-S-2 
of Supplementary Information). 225
The average daily total water intake (direct plus indirect) across this sample population 226 was determined to be 3.5 ± 1.0 L day -1 for all participants irrespective of age and sex 227 (Table 3 ). Adult men (3.9 ± 1.0 L day ). The overall 229 average daily total water intake (3.5 L day -1 ) comprised of 2.7 L day -1 (76% of total) of 230 direct drinking water and 0.8 L day -1 (24%) of indirect water intake from food and other 231 beverage sources: this was broadly consistent for males and females although children 232 consumed less total, direct and indirect water than adult men and women. From an 233 indirect water intake perspective, lassi and other dairy drinks contributed the most at 234 around 42% followed by rice (21%), tea (18%), pulses (11%) and wheat chapatti (8%). 235 study via the village with the highest ambient temperatures, Chak-48/12-I,which had a 277 maximum total water intake of 4.5 L day -1 (for a children) and 7.4 L day -1 (for an adult). 278
(Supplementary information: Tables-S-3 and S-4). 236
Estimation of food intake pattern 279
An analysis of dietary choices and consumption frequency of key staples (wheat, rice, 280 pulses, vegetables and chicken) by the study population over the 24 hour study period 281
found that wheat chapattis were the most popular staple, consumed by 99% of 282 participants, followed by pulses and rice at 42-47%; vegetables at 41% and chicken at 283 26% (Table 4) . ) was 296 found to be higher than in studies reported for USA, Europe and Asian sub-regions 297 (Supplementary information: Table- 
Factors influencing dietary variations 307
As has already been noted, there is a difference in water consumption between men 308 and women and between different age ranges. A two-way ANOVA found significant 309 differences (P<0.001 to ≤ 0.05) between water and/or food intake and mean body 310 weights (male: 68 kg and female: 56 kg), sex, age and villages. The most significant 311 relationships were for sex and age, and can be linked to employment patterns 312 ) as shown in Table 5 . Women identifying as housewives (25% of the 319 surveyed population) had a mean total water intake of 3.28 L day 
Role of water intake values for cancer risk assessment 326
Human health risk assessment studies (Khan et ). This 333 difference in per capita drinking water consumption might contribute to considerably 334 higher risks resulting from exposure to chemical contaminants in water. Using 335 arsenic as an example, higher water intake levels might increase risk estimates for 336 rural populations affected by arsenic-contaminated groundwater. To assess the 337 impact of using default or generic as opposed to population specific intake levels, 338 cancer risk assessment (Table-1: Equation-2) was carried out using intake variables 339 (Table 2 ) from the present study and compared to USEPA default (2011b) and WHO 340 recommended (2011) values. The only difference between the three scenarios 341 (called present study; USEPA and WHO) is water intake ( Table 2 ). The results of the 342 risk assessment are provided in Table-6 . Three risk levels were defined on the basis 343 of risks above maximum allowable concentrations of 10 µg L -1 (WHO, USEPA), 50 344 µg L -1 (Pakistan Standards Quality Control Authority, 2010) and reported levels of 345 >100 µg L -1 for arsenic concentration in drinking water (Table 2) . 346 
354 355
Cumulative cancer risks for an exposure duration of 3 to 67 years at all three risk 356 levels and using three different water intake data sources (present study, USEPA 357 and WHO) were found to be above the acceptable USEPA cancer risk criteria of 1.0 358
× 10
−4 (i.e. 1 case of cancer per every 10,000) (Table 6 ). The, lifetime (cumulative) 359 cancer risk at all three risk levels was found to be highest when applying total water 360 intake values from this study (i.e. at lowest risk level, early life exposure with 17 361 chances in a population of 10000 children of age 3-6 years, 14 children in 10000 of 362 age 6-16 years and 6 men or women in a population of 10000). 363
Whereas, cancer risk with USEPA default water intake (at lowest risk level, 6 364 chances in a population of 10000 children of both age groups 3-6 and 6-16 years, 365 later age risk of 5 men or women in 10000 having 51 years of exposure (starting 366 from 16 and continued to 67 years) and with WHO recommended water intake 367 demonstrated an early age exposure of 8 in 10,000 children of 3-6 years, 6 in 10,000 368 children of 6-16 years and 4 in 10,000 adults, were found to be lower than this study 369 (Table 6 ). Similarly cancer risk at risk levels 2 (>50 µg L applying water intake from the present study compared to USEPA default and WHO 371 recommended water intake values (Table 2) were revealed to be the highest for all 372 age groups suggesting the significance of population specific water intake for cancer 373 risk estimation. 374
These findings suggest that using the USEPA default water intake (i.e. 2.5 L day -1 for 375 adults or 0.3-0.5 L day -1 for children aged 3-16 years) in regions having higher water 376 intake than USA/Europe (e.g. South Asia, Africa etc.) may underestimate cancer 377 risks and, conversely, for lower intake areas, the results might be over-estimated. risk was calculated on the basis of total water intake (sum of direct and indirect water 387 intake). Cancer risk determined from present study has also indicated that children 388 are at higher risk than adults suggesting an increased carcinogenic potency during 389 early life stages due to body weight and water intakes differences. This also 390 suggests that lifetime cancer risk for children is much higher due to exposure during 391 early life stages as compared to adults having exposure during later stages in life. 392
Role of food intake values for cancer risk assessment 393
In values of this study and those reported for other countries or regions (Table 2) , 458 cancer risk was found to be within the USEPA acceptable cancer risk range of 1.0 × 459
10
−4 for Bangladesh, China, Europe and the USA intake values. However, for 460
Pakistan, where wheat intake is comparatively higher, cumulative cancer risk was 461 found to be 2 persons (95% CI 0.0002, 0.0002) in a population of 10,000 with 462 exposure initiating during 3-16 years. 463
Relative cancer risk (point estimates) from water and food sources 464
Multiple exposures are important when considering overall cancer risk hence it is 465 important to consider the combined contributions made by water (>10 µg L -1 ) and 466 food to arsenic exposure. Using the water and food intake values (rice and wheat 467 only) of this study, cumulative cancer risk is depicted in Figure 3 showing relative risk 468 contribution by total water (51%), rice (44%) and wheat (5%) intake for different sub-469 populations (Figure 3) . Food sources like rice are therefore a considerable 470 contributing factor for exposure to waterborne contaminants such as arsenic, so 471 knowledge of intake values (as well as contaminant loading) for different food stuffs 472 is important to elucidate overall cancer risk. (Table 7) . 487 488 
491
The body weights of participants were fitted with respect to their ages based on 492 Figure S-1) . 493 494
Fourier fit in MATLAB (Supplementary information
Probabilistic cancer risk 495 496
Probabilistic risk assessment is an improved approach to deterministic cancer risk 497
estimation (point estimation). To better consider the uncertainty inherent in dietary 498
data, probabilistic outputs were associated with seven different age groups as shown 499 in Table 8 . Using Monte Carlo simulations applied to ADAF transformed data for 500 water, rice and wheat and combined dietary factors (Table 8 and 9), the results were 501 found to be similar to point estimates with lifetime cancer risk of water and rice 502 higher for intake values determined from this study compared to the USEPA 503 regulatory threshold target cancer risk of 1.0 x 10 -4 suggesting probable association 504 between dietary intake and arsenic concentration levels. 505 506 It is interesting to note that highest cumulative exposure from water and food 517 sources initiating at age 3-6 years resulted in the risk probability of 89 children and 518 ranging to 4 adults of age 56-67 in a population of 10,000. The findings are attributed 519 to the incorporation of age dependent adjustment factors (ADAFs) which accounts 520 for adjustment in cancer slope factor according to age. Thus, age adjusted 521 probabilistic cancer risk from food intake of this study population hold a considerable 522 contribution and cannot be neglected in risk quantification process (Figure-4 and 5) . ) and chicken (166 553 g day -1 ). Consumption of rice was found to be higher than rice intake levels reported 554 in USA (172.6 g day ) and USA (48 g day -1
), cancer risk was found to 569 be within the USEPA acceptable cancer risk range of 1.0 × 10 −4 highlighting the role 570 of the wheat intake and arsenic concentration level in the risk assessment process (a 571 conservative estimate used). These results are further supported by uncertainty 572 analysis using a probabilistic approach indicating the significance of population 573 specific dietary intake values, arsenic concentrations in water and age of participants 574 in determining cancer risk estimates. 575
The study findings demonstrate that population specific model values realistically 576 reflect the local situation, whilst also showing that consideration of multiple exposure 577 sources, e.g. water and food sources with respect to age provide a more robust risk 578 assessment. The population specific dietary information from this study may hold 579 significance for future studies to understand a range of age adjusted dietary 580 exposure risks. 581 582 583
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